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In order to examine genetic relatedness among viruses that infect microalgae, DNA polymerase gene (DNA pol ) fragments
were amplified and sequenced from 13 virus clones that infect three genera of distantly related microalgae (Chlorella strains
NC64A and Pbi, Micromonas pusilla and Chrysochromulina spp.). Phylogenetic trees based on DNA pol sequences and
hybridization of total genomic DNA showed similar branching patterns. Genetic relatedness calculated from the hybridization
and sequence data showed good concordance (r  0.90), indicating that DNA pol sequences can be used to determine
genetic relatedness and infer phylogenetic relationships among these viruses. The phylogenetic tree inferred from the
deduced amino acid sequences of DNA pol from 24 dsDNA viruses, including phycodnaviruses, herpesviruses, poxviruses,
baculoviruses, and African swine fever virus corresponded well with groupings based on the International Committee on
Taxonomy of Viruses. Microalgal viruses are more closely related to each other than to the other dsDNA viruses and form
a distinct phyletic group, suggesting that they share a common ancestor and belong to the Phycodnaviridae. Moreover, the
Phycodnaviridae are more closely related to the Herpesviridae than to other virus families for which DNA pol sequences
are available. q 1996 Academic Press, Inc.
tify the genetic and phylogenetic relationships amongINTRODUCTION
them.
Viruses that infect microalgae have been reported Phycodnaviridae are a recently recognized family,
to occur in more than 44 taxa of algae (reviewed in Van based upon a group of viruses that infect endosymbi-
Etten et al., 1991) and they may be important agents otic Chlorella-like algae (Van Etten and Ghabrial, 1991).
of mortality in natural communities of phytoplankton Although it is not known whether other algal viruses
(Bratbak et al., 1993; Suttle et al., 1990; Suttle 1994). belong to the Phycodnaviridae, several have properties
Some of these viruses, although geographically wide- in common with the Chlorella viruses including large
spread and morphologically similar, possess consider- size (100 nm in diameter), double-stranded DNA,
able genetic variability. For example, viruses that infect polyhedral morphology, and no obvious external mem-
endosymbiotic Chlorella-like algae (Chlorophyceae) brane (Van Etten et al., 1991). Furthermore, sequence
occur in North America, Europe, and China and show analysis of the DNA pol from a virus (MpV-SP1) in-
high genetic diversity based on a variety of criteria fecting M. pusilla and two Chlorella viruses (PBCV-1
including reaction with antisera, molecular weights of and NY-2A) indicates that there are several conserved
major capsid proteins, restriction fragment analysis, regions that are found only within the DNA pol of these
and DNA hybridization (Van Etten et al., 1985a, 1985b; viruses (Y. P. Zhang and C. A. Suttle, unpublished data).
Zhang et al., 1988). Similarly, eight genetically distinct Based on these sequences, a pair of degenerate oligo-
viruses that infect Micromonas pusilla (Prasinophy- nucleotide primers were constructed that are specific
ceae) have been isolated from five locations in the for the DNA pol found in these viruses. These primers
Pacific and Atlantic Oceans and the Gulf of Mexico were successfully used to amplify DNA from viruses
(Cottrell and Suttle, 1991). Although the previous stud- infecting three distantly related taxa of microalgae, as
ies demonstrated considerable genetic variation well as DNA from natural virus communities (Chen and
among these viruses, the data were not used to quan- Suttle, 1995a,b).
The first goal of this paper was to construct a gene-
based phylogeny for these viruses based on DNA pol.
1 Current address: Department of Marine Sciences, University of Second, we wished to quantitatively compare the phy-
Georgia, Athens, GA 30602.
logeny based on DNA pol with one based on total2 To whom correspondence and reprint requests should be ad-
genomic DNA hybridization. This would demonstratedressed. Fax: (604) 822-6091. Current address: Department of Ocean-
ography, University of British Columbia, BC, Canada V6T 1Z4. whether DNA pol can be used to infer genetic relation-
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ships among these viruses. Finally, phylogenetic trees The gap weight and length weight penalties were 5 and
were constructed from amino acid sequences inferred 0.1 for DNA sequence alignment and 10 and 0.1 for pro-
from the DNA pol of algal viruses and of other dsDNA tein sequence alignment, respectively. Obvious mis-
viruses, in order to identify those groups of viruses matches in alignment were adjusted by visual inspection.
that are most closely related to the algal viruses. Evolutionary distances for the pairwise comparison of
taxa were calculated using the Jukes–Cantor method
(Jukes and Cantor, 1969) and the neighbor-joining algo-MATERIALS AND METHODS
rithm (Saitou and Nei, 1987) in MEGA version 1.0 (Kumar
Viruses and DNA extraction
et al., 1993). These were used to construct a distance
tree based on the DNA pol gene sequences from theEight genetically distinct clonal isolates of viruses (MpV)
different algal viruses.which cause lysis of M. pusilla were isolated from the
coastal waters of New York (MpV-PB6, -PB7, -PB8), Texas The sequencing data were compared with data ob-
(MpV-PL1), California (MpV-SP1, -SP2), and British Colum- tained from hybridization of the total genomic DNA of
bia (MpV-SG1), as well as the oligotrophic waters of the MpV isolates. The hybridization data were from Cottrell
central Gulf of Mexico (MpV-GM1). The methods used to and Suttle (1995) and used to construct a distance-based
isolate, amplify, and purify MpV DNA can be found else- phylogenetic tree, which was then compared with the
where (Cottrell and Suttle, 1991). Purified DNA from the distance tree constructed using the DNA pol sequence
viruses PBCV-1 and NY-2A, which infect Chlorella strain data. The hybridization and sequence data were also
NC64A, and CVA-1, which infects Chlorella strain Pbi, were compared in another way, in which pairwise similarities
provided by Y. P. Zhang and J. L. Van Etten. DNA was also obtained from these two methods were compared. The
extracted from two clonal isolates of viruses (CbV-PW1, percentage of similarities (equivalent to the percentage
CbV-PW3) which infect the marine Prymnesiophyte Chryso- of identities) of the DNA sequences were determined for
chromulina spp. (Suttle and Chan, 1995). Geographical all possible pairwise combinations among MpV isolates
sources, morphological features, and references of algal using the program GAP in GCG. The hybridization data
virus isolates used in this study are summarized elsewhere were also expressed as similarities for all possible pair-
(Chen and Suttle, 1995a). wise combinations among MpV isolates. Therefore, for
each virus pair (e.g., MpV-SP1 vs MpV-PB7) a similarity
PCR amplification, cloning, and sequencing was calculated for the DNA pol sequence data and for
the hybridization data. The similarities were normalizedThe design of the primers and DNA amplification have
by arcsin transformation and two data sets were com-been described earlier (Chen and Suttle, 1995a,b). The
pared by correlation.amplified DNA pol fragments from the 11 viral isolates
were cloned into pBluescript KS { (Stratagene, La Jolla, The deduced amino acid sequences were translated
CA) by TA cloning (Marchuk et al., 1991). Ligation was from the nucleotide sequences of DNA pol segments for
carried out overnight at 137 with T4 ligase (Promega) and the algal viruses using the program TRANSLATE in GCG.
transformed into Escherichia coli MY1193 or XL-1 Blue. No stop codons occurred during computer-assisted
The plasmids were purified by a modified alkaline lysis translation, and the inferred amino acid sequences
protocol (Xiang et al., 1994), and the DNA was digested matched several conserved regions found in DNA poly-
using restriction enzymes and then run on an agarose gel merase genes. The aligned amino acid sequences for
(1%) to confirm the presence of an insert. For sequencing, the algal viruses and other dsDNA viruses were used to
double-stranded DNA was denatured in 0.2 N NaOH and construct a neighbor-joining tree using PHYLIP version
0.2 mM EDTA, neutralized, and precipitated with ethanol 3.5c (Felsenstein, 1993) and a most parsimonious tree
(Chen and Seeburg, 1985). The denatured DNA was used (heuristic method) using PAUP (Swofford, 1993). The
as template for sequencing by the dideoxy chain termina- bootstrap method with n  100 replicates was employed
tion method (Sanger et al., 1977), using Sequenase (Ver. to estimate the robustness of the tree topologies ac-
2.0) as recommended by the manufacturer (United States quired by distance analysis and parsimony. For parsi-
Biochemical). Both strands of all amplified products were mony analysis, the random-trees option was used to
sequenced. The error rate in PCR was obtained by com- draw 1000 trees with replacement from all possible tree
paring the sequence of the PCR segment from MpV-SP1 topologies. The g1 value, which is a measure of the
to the sequence of the whole DNA pol of MpV-SP1 skewness of a distribution (Sokal and Rohlf, 1981; Hillis
(Y. P. Zhang and C. A. Suttle, unpublished data). and Huelsenbeck, 1992), was also recorded. DNA pol
sequences for a variety of other dsDNA viruses were
Sequence analysis
obtained from GenBank and then translated into amino
acid sequences when necessary. Their names, abbrevia-Sequences were aligned using the UWGCG package
(Devereux et al., 1984) and Clustal V (Higgins et al., 1992). tion, and accession numbers are listed in Table 1.
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TABLE 1
Abbreviations, Names, and GenBank Sources of Viruses Used for This Study
Abbreviations Viruses Accession Nos. Reference
MpV-SP1 Micromonas pusilla virus, SP1 U32975 This study
MpV-SP2 Micromonas pusilla virus, SP2 U32976 This study
MpV-GM1 Micromonas pusilla virus, GM1 U32977 This study
MpV-PB6 Micromonas pusilla virus, PB6 U32978 This study
MpV-PB7 Micromonas pusilla virus, PB7 U32979 This study
MpV-PB8 Micromonas pusilla virus, PB8 U32980 This study
MpV-SG1 Micromonas pusilla virus, SG1 U32981 This study
MpV-PL1 Micromonas pusilla virus, PL1 U32982 This study
CbV-PW1 Chrysochromulina brevifilum virus, PW1 U32983 This study
CbV-PW3 Chrysochromulina brevifilum virus, PW3 U32984 This study
PBCV-1 Chlorella strain NC64A virus, PBCV-1 M86836 Grabherr et al. (1992)
NY-2A Chlorella strain NC64A virus, NY-2A M86837 Grabherr et al., (1992)
CVA-1 Chlorella strain Pbi virus, CVA-1 U32985 This study
HSV-1 Herpes simplex virus type 1 X04771 Larder et al. (1987)
HSV-2 Herpes simplex virus type 2 M16321 Tsurumi et al. (1987)
PrV Pseudorabies virus L24487 Berthomme, unpublished
VZV Viracella–Zoster virus X04370 Davison and Scott (1986)
EBV Epstein–Barr virus V01555 Baer et al. (1984)
HCMV Human cytomegalovirus M14709 Kouzarides et al. (1987)
GPCMV Guinea pig cytomegalovirus L25706 Schleiss (1994)
MCMV Murine cytomegalovirus M73549 Elliot et al. (1991)
ASFV African swine fever virus X73330 Martins et al. (1994)
VacV Vaccinia virus M13213 Earl et al (1986)
CbV Choristoneura biennis poxvirus X57314 Mustafa and Yeun (1991)
FPV Fowlpox virus M31638 Binns et al. (1987)
AcNPV Autographa californica nuclear M20744 Tomalski et al. (1988)
polyhedrosis virus
BmNPV Bombyx mori nuclear polyhedrosis virus D16231 Chaeychomsri, unpublished
HzNPV Helicoverpa zea nuclear polyhedrosis virus U11242 Cowan et al. (1994)
LdNPV Lymantria dispar nuclear polyhedrosis virus D11476 Bjornson et al. (1992)
RESULTS (64%). The proportion of identical nucleotides for all pair-
wise combinations among the MpV clones ranged fromThe PCR-caused error rate in this study was less than
78 to 99%. Among MpV clones, DNA sequences of MpV-0.5%. Thus, sequence similarities less than 99% reflect
SP1, -SP2, and -GM1 shared higher similarities (98 totrue genetic variation. The amplified DNA fragments from
99%), while MpV-PB6, -PB7, -SG1, and -PL1 were morethe eight MpV isolates contained 683 bp and had GC
similar to each other (91 to 98%) than to other MpVratios ranging from 44 to 47%; the fragments from the
clones. The two Chrysochromulina viruses CbV-PW1two CbV strains contained 719 bp and had a GC ratio of
and -PW3 also shared a high sequence similarity (98%).40%. The fragment from CVA-1 was 692 bp and had a
Overall, sequence similarities among the DNA pol geneGC ratio of 49% (Table 2). The MpV, CbV, and CVA-1
fragments of MpV clones, PBCV-1, NY-2A, CVA-1, andisolates did not have an intron which is characteristic of
CbV clones ranged from 49 to 99%. The distances amongthe DNA pol of the Chlorella viruses PBCV-1 and NY-2A
these algal viruses and the outgroup HSV-1 are shown(Grabherr et al., 1992). Excluding the introns, the ampli-
in Table 3.fied fragments from PBCV-1 and NY-2A were 707 bp and
The neighbor-joining tree constructed using the nucle-had GC ratios of 47 and 48%, respectively (Table 2). For
otide sequences shows that MpV clones can be dividedall the algal viruses, the first and third bases of the codon
into two major clusters, one including MpV-SP1, -SP2,had a higher GC content relative to the second base. GC
and -GM1, and one including MpV-PB6, -PB7, -PB8, -SG1,content of the DNA pol gene fragments were similar to
and -PL1 (Fig. 1). Of the viruses in the 2nd cluster, MpV-those of the entire DNA pol genes of algal viruses (PBCV-
PB8 was intermediate between the two clusters. Analysis1, NY-2A, and MpV-SP1) and were similar to those of
based on omitting the third codon position also gener-other dsDNA viruses (data not shown).
ated a similar tree using the neighbor-joining methodSequence similarity between the two Chlorella viruses
(data not shown), indicating that the phylogenetic rela-PBCV-1 and NY-2A was 77%, while CVA-1 shared higher
sequence similarity with PBCV-1 (77%) than with NY-2A tionships were not obscured by the more rapid fixation
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TABLE 2
Amplicon Size and GC Content of DNA pol Gene Fragments
Amplicon
length 1st codon 2nd codon 3rd codon Overall
Clones (bp) (%) (%) (%) (%)
1. MpV-SP1 683 50.7 38.3 41.8 43.6
2. MpV-SP2 683 50.7 38.3 41.8 43.6
3. MpV-GM1 683 50.2 37.8 43.2 43.8
4. MpV-PB6 683 49.8 37.9 52.0 46.6
5. MpV-PB7 683 48.9 37.5 52.4 46.3
6. MpV-PB8 683 48.5 39.2 51.6 46.4
7. MpV-SG1 683 50.2 36.5 53.3 46.7
8. MpV-PL1 683 49.3 37.9 50.2 45.7
9. PBCV-1a 808 (707) 54.9 35.7 51.1 47.2
10. NY-2Aa 793 (707) 52.3 36.2 54.5 47.7
11. CVA-1 692 53.5 38.7 54.7 48.9
12. CbV-PW1 719 51.9 36.8 31.4 40.1
13. CbV-PW3 719 51.9 36.8 32.2 40.3
Average — 50.9 37.5 46.9 45.2
a The numbers in parentheses are the amplicon lengths (bp) without the intron. The introns for PBCV-1 and NY-2A are 101 and 86 bp, respectively
(Grabherr et al., 1992). GC contents for PBCV-1 and NY-2A were calculated from the 707 bp of the amplicon.
rate of the third codon position. Sequence analysis of used to resolve genetic differences among virus isolates
infecting the same algal host and among groups of vi-DNA pol indicated that the MpV isolates were more
closely related to each other than to the other algal vi- ruses infecting different algal hosts. Second, a phylogeny
based on sequence analysis of DNA pol gene fragmentsruses and that the three groups of algal viruses (MpV,
Chlorella viruses, and CbV) are distinguished from each was consistent with one constructed using data from
hybridization of total genomic DNA, indicating that DNAother (Fig. 1). Overall, the major branching patterns within
the MpV group were similar whether based on sequence pol gene sequences can be used to infer genetic relation-
ships among algal viruses. Third, both parsimony andanalysis or total genomic DNA hybridization data (Fig. 1).
Discrepancies between the two methods were restricted distance trees based on deduced amino acid sequences
showed that viruses which infect three distantly relatedto branching within the major clusters. A comparison
of the similarities generated from the sequencing and taxa of microalgae form a monophyletic group and that
this group is most closely related to the Herpesviridae.hybridization data (Fig. 2) show that the results obtained
using the two methods were well correlated (r  0.90). Fourth, deduced amino acid sequences from DNA poly-
merase genes provide suitable resolution to infer phyleticDeduced amino acid sequences of DNA pol segments
were aligned (Fig. 3), and a total of 217 amino acid posi- relationships among dsDNA viruses.
Most comparative studies on DNA polymerases havetions were used to construct neighbor-joining and most
parsimonious trees (Fig. 4). Both analyses showed that investigated functional or conserved regions. The con-
servation of several homologous regions across eukary-MpV clones were most closely related to each other and
that the algal viruses were more closely related to each otes, prokaryotes, and viruses indicates that DNA poly-
merases, regardless of their size, may have evolved fromother than to other groups of DNA viruses that infect
eukaryotic organisms, e.g., Herpesviridae, Poxviridae, a common ancestral gene (Jung et al., 1987; Wang et al.,
1989). Phylogenetic trees have been constructed basedBaculoviridae, and African swine fever virus (ASFV). The
eight herpes viruses (HSV-1, HSV-2, PrV, VZV, EBV, on several conserved amino acid regions of DNA poly-
MCMV, HCMV, GPCMV), three pox viruses (VacV, CbV, merases (Jung et al., 1987; Rohe et al., 1992; Braithwaite
FPV), and four baculoviruses (AcNPV, BmNPV, LdNPV, and Ito, 1993). However, a major concern in molecular
HzNPV) each formed their own clades, and AFSV formed systematics is how accurately gene-based phylogenies
its own clade (Fig. 4). Interestingly, both phylogenetic reflect genetic relationships among organisms. Phyloge-
trees showed that algal viruses are most closely related nies based on DNA pol gene sequences and hybridiza-
to herpes viruses, and the next closest relative is ASFV. tion of total genomic DNA were similar (Figs. 1A and
1B), indicating that DNA pol genes can be used to infer
DISCUSSION phylogenetic relationships among viruses.
Our data show that virus isolates infecting the sameThere were four major findings from this study. First,
nucleotide sequences of DNA pol gene fragments can be microalgal host form a closely related group (Fig. 1) and
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FIG. 1. Comparison of phylogenetic trees constructed using data
from sequence analysis (left) and DNA–DNA hybridization data (right).
The tree on the left was constructed using neighbor-joining analysis
with the Jukes–Cantor distances of the aligned nucleotide sequences
from DNA pol gene segments of 13 algal virus isolates; HSV-1 was
used as an outgroup. The neighbor-joining tree (right) for the hybridiza-
tion data was constructed using the distance matrix obtained from
quantitative genomic DNA hybridization (Cottrell and Suttle, 1995). The
scale bar beneath the left tree represents 0.2 point mutations per nucle-
otide position, the scale bar beneath the right tree represents a dissimi-
larity of 10 (dissimilarity  100 0 similarity).
that viruses infecting a variety of microalgae are more
closely related to each other than to other viruses (Fig.
4). This analysis, as well as other morphological features,
suggests that these algal viruses evolved from a common
ancestor, although some of them (e.g., Chlorella viruses)
were isolated from freshwater and others (e.g., MpV and
CbV) from marine systems. We suggest that the viruses
FIG. 2. Plot of the pairwise similarities obtained from the sequencing
and genomic DNA hybridization methods (r  0.90). The data were
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FIG. 3. Pileup (GCG) and eye-refined alignment of DNA pol amino acid fragments from 24 dsDNA viruses. Lines indicate the conserved regions
in the DNA polymerase domain and were not used for phylogenetic analysis. Identical amino acids are indicated as (r), gap sites as (0), and
consensus sites as (*). The explanation for the abbreviation of virus names is given in Table 1.
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FIG. 4. The neighbor-joining (left) and parsimony trees (right) of 100 bootstrap analyses. A total of 217 of 335 amino acid sites (Fig. 3) were used
to construct the phylogenetic trees. Boldface type indicates virus clones infecting microalgae. The numbers at the nodes indicate bootstrap values,
and branches with values less than 75 have been collapsed. For the neighbor-joining tree, the scale bar represents 0.1 fixed mutations per amino
acid position. For the parsimony tree, the scale bar represents 50 steps. Tree length  1344 steps (original tree length  1363 steps), g1  00.6156,
consistency index  0.751.
that infect Micromonas pusilla and Chrysochromulina well with the current understanding of viral taxonomy
(ICTV system) (Fraenkel-Conrat, 1988; Francki et al.,spp. should be considered as members of the Phycod-
naviridae. The phylogenetic trees also show that among 1991; Webster and Granoff, 1994). For example, viruses
within the same families form distinct groups, e.g., Her-viruses infecting eukaryotes for which DNA pol sequence
information is available, the phycodnaviruses are more pesviridae, Poxviridae, and Baculoviridae (Fig. 4), as was
also demonstrated by Braithwaite and Ito (1993). Interest-closely related to herpes viruses, suggesting that phyco
ingly, the phyletic tree showed that ASFV forms its ownand herpes viruses diverged from a common ancestor.
clade and does not belong to any known dsDNA virusVan Etten et al. (1991) pointed out that the Chlorella
family (Fig. 4). This observation supports the recent re-viruses have several properties in common with two iri-
classification of ASFV to an unnamed family of which itdoviruses (Frog Virus and Chilo Iridescent Virus), a poxvi-
is the only member (Brown, 1986). The former classifica-rus (VacV), and ASFV. These include hairpin termini and
tion of ASFV was not clear because it is similar to theinverted terminal repetition of DNA, as well as similarity
iridoviruses in terms of morphology and to poxviruses inin glycoproteins. Our study indicated that after herpesvi-
terms of DNA structure and molecular properties (Costa,ruses, ASFV is the next closest to phycodnaviruses (Fig.
1990; Martins et al., 1994).4). The percentage of identical amino acids from the five
conserved motifs of the DNA polymerases also shows
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